The fundamental problem faced by DNA-microarray practitioners is how to continuously mix a sample solution at low Reynolds number and transport the DNA molecules to the proximity of the probes more rapidly than diffusion alone, thereby increasing valid molar-hybridization events. Many methods of active mixing have been developed, including surface acoustic-wave microagitation, [5] bubble-induced acoustic microstreaming, [3] alternative convection induced through several ports, [4] "drain-and-fill" or air-driven bladders, [6, 7] magnetic stirring bars, [8] and shuttling sample plugs in a serpentine microtrench. [9] Some researchers developed electrokinetic methods to accelerate the transportation of DNA molecules. [10] [11] [12] Although these methods all allow shorter hybridization times and improved signals, they appear to suffer from one or several shortcomings: inhomogeneous mixing, [3] [4] [5] small arrays, [10] [11] [12] relatively low sensitivity, [3, 4, 6, [8] [9] [10] [11] [12] or incompatibility with the widely used cyanine (Cy)-dye microarray format. [10] [11] [12] On the other hand, chaotic mixing has gained the interest of many researchers as a promising method of mixing solutions in microchannels. [13] [14] [15] We constructed a two-layer PDMS microfluidic device [16] and sealed it to a spotted microarray slide to perform dynamic hybridization. As shown in Figure 1 a, the fluidic layer of the device contains two symmetric hybridization chambers (6 mm 6.5 mm 65 mm, 5 mL). They are connected to each other by bridge channels, the ceilings of which incorporate protrusions with a herring-bone pattern to produce chaotic mixing. [14] The bridge channels (400 mm wide, 40 mm high) are connected to the chambers by bifurcating channels that equalize the solution distributed into the chambers after mixing. Four input/output through-holes with corresponding micromechanical valves are used for loading samples or disposing waste solutions. These valves are actuated to form closed chambers during hybridization. Two sets of peristaltic pumps [17] are integrated to circulate the fluid between the hybridization chambers. The design allows different components in the solution to mix in a chaotic manner when they pass through the bridge channels, and then to be delivered through the hybridization chambers (Figure 1 b, c and Supporting Information). The peristaltic pumps create a fluid flux of % 5.2 nL s À1 . It takes about 16 min to complete one circulation of the two chambers. The flux can be further raised by increasing the cross-sectional area of the individual pumps.
We evaluated the efficiency of mixing by loading each chamber half with the blank solution and half with the solution containing fluorescent beads, then actuating the pumps, and performing fluorescence measurements. A fluorescence inverted microscope with a charge-coupled device (CCD) camera was set up to take images of the device. Chaotic mixing was confirmed by independent observations of the zigzag motion of the beads and their crossing each other through the bridge channels (images not shown). The fluorescence intensity was monitored in real time through 10 windows along the equator of one chamber. As shown in the Supporting Information, within minutes chaotic mixing dramatically decreased the fluorescence gradient along the equator. The control experiment followed all the above conditions except that a device without the herring-bone protrusions on the bridge channels was used. In this case, the fluorescence difference along the equator was still substantial even after the solutions have been circulated for 2 h, owing to the absence of effective lateral mixing (see Supporting Information). Therefore, the chaotic mixing introduced by the herring-bone protrusions is critical in homogenizing the solutions in the chambers. Ripples in fluorescence intensity were observed because the extra beadless solution initially loaded in the bridge channels also took part in the fluid circulation. Interestingly, they became a good indicator of the periodicity of the circulation ( % 8 min/ripple).
We performed a series of dynamic and static (control) hybridizations for comparison. Two PDMS devices were sealed onto a single home-spotted microarray slide (VEPO-25C, CEL Associates, Inc.), thus covering areas of identical probe patterns (70-mer DNA oligonucleotides). Each area consisted of four identical blocks. As shown in Figures 2 a and b, each block included 18 features (six spotting solutions repeated three times). Six of them were negative-control features. We prepared Cy3-labeled cDNA from the C2C12 mouse skeletal-muscle cell line, adding Arabidopsis thaliana CAB (chlorophyll a/b-binding protein) spikes (cat. #2552201, Stratagene) as a positive control. Details of total RNA isolation, mRNA (m = messenger) extraction, and the reverse-transcription protocols are described elsewhere. [18] The cDNA sample was diluted into a series of solutions and then separated into aliquots. They were spin-dried under vacuum and kept at 4 8C before use. Two identical aliquots were used to prepare the hybridization solutions with ArrayHyb buffer (A-7718, Sigma-Aldrich Co.). They were loaded into the PDMS devices sealed on the shared slide, which was mounted on the flat bed of a thermocycler (PTC-200, MJ Research) and prehybridized. We performed dynamic hybridization by actuating the peristaltic pumps in one of the devices, while static hybridization was performed in the other device as a control. After hybridization at 52 8C for 2 h (or other specified time), the PDMS devices were peeled away from the slide. The slide was immediately placed in a plastic tube for programmed posthybridization washing (AdvaWash 400, Advalytix). The slide was then spin-dried in a centrifuge (5804R, Eppendorf) and scanned (ArrayWorx, Applied Precision LLC) to obtain fluorescence images.
Hybridization with microfluidic chaotic mixing produced stronger signals and better sensitivity than the static control (Figure 2 ). When the amount of input molecules of CAB spikes was decreased to 5.5 amol, the signal-to-noise (S/N) ratio of the static method was slightly larger than 1, which indicates that the signals were nearly indistinguishable from the background at that point. However, the S/N ratio of dynamic hybridization did not collapse to 1 until the amount of input CAB molecules further decreased to 0.55 amol, which is an enhancement in sensitivity of one order of magnitude. To our knowledge, this sensitivity level is better than any other reported method designed for active mixing in hybridization. The above enhancement of signals was reproducible, as confirmed by independent hybridization experiments. Active mixing also reduced the spot-to-spot fluctua- tion of the signals. The coefficients of variation (CV) of the dynamic hybridization decreased to nearly half the values of the conventional static method (Table 1 and Figure 2 c) . The results of hybridization kinetics (Figure 2 d) showed that dynamic mixing consistently produced signals with higher S/N ratios than the static method. The signal from dynamic hybridization for 2 h was nearly twice that from the static control hybridized for 6 h. We noticed that the signals from both methods decreased after > 6 h hybridization, which might be attributed to partial dehydration of the arrays, as PDMS is permeable to water vapor.
To evaluate the separate contributions of the circulatory motion of the fluid and chaotic mixing to the signal enhancement, we performed side-by-side comparison experiments that included an additional hybridization control with fluid circulation but without chaotic mixing. Identical aliquots of DNA target solutions were hybridized at 52 8C for 2 h under three distinct conditions: static (control 1), simple fluid circulation using the devices without the herring-bone protrusions (control 2), and fluid circulation with chaotic mixing. The experimental results ( Table 2 ) clearly show that chaotic mixing played a significant part in the overall signal enhancement. Simple circulation of the fluid increased the signal intensity to 1.6-2.3-fold those obtained from the static control, whereas circulation with chaotic mixing improved the signals 3.4-6.9-fold. Therefore, microfluidic chaotic mixing has a major effect on the mass transfer of DNA targets to a solid reactive boundary by effectively homogenizing the solution.
We tested the compatibility of this approach with larger arrays, and found that microfluidic chaotic mixing can improve hybridization in high-density microarrays. We constructed a PDMS device with similar geometry but larger hybridization chambers (7.5 mm 36 mm 65 mm, 35 mL). It was sealed onto a commercial microarray (mouse-printed oligonucleotides array, 17 K, 70 mer, J. David Gladstone Institutes). Approximately 9500 spots on the slide were accessible within the hybridization chambers. All the experimental procedures followed that previously described, except that two identical microarray slides were used for comparison. The signals from hybridization with microfluidic chaotic mixing were dramatically enhanced (Figure 3) . For individual features, we calculated the increase in the background-subtracted fluorescence by dynamic mixing over that of the static method and summarized the data in a histogram (Figure 4) . The peak of the red columns (input-sample concentration 1.6 ng mL À1 ) is located at a 3-4-fold increase. When the input Cy3-labeled cDNA was diluted to 0.8 ng mL
À1
(blue columns), the peak shifted to a 7-8-fold increase. This result is consistent with our previous observation (Figure 2 c) that the increase in the signals from dynamic over those from static hybridization became larger as the concentration of the input sample decreased. The signal enhancement of our approach was comparable to or slightly better than other reported values (mostly 2-5-fold) in the literature. [3, 4, [6] [7] [8] The specificity of the signals of the dynamic versus those of the static method was further examined ( Figure 5 ) using receiver-operating-characteristics (ROC) analysis. [19] Dynamic hybridization reduced the overlap between the intensity distributions of the negative-control and the positive-probe features. The increase in the area under the ROC curves ( Figure 5 b and d) [19] also suggests that the dynamic approach allowed better signal specificity than the static method.
We attempted to determine how many cDNA molecules were actually hybridized onto the slide from the solution. The nucleotide concentration of the CAB-spiked cDNA solution was determined by UV/Vis spectroscopy. We manually deposited volume-defined droplets of Cy3-labeled cDNA molecules onto the slide by using microcapillary tubes (0.2 mL, Drummond) and obtained a standard curve of the fluorescence intensity versus the amount of deposited nucleotides. By estimating the CAB cDNA length, we calculated the number of hybridized CAB molecules on a given spot. The analysis was based on 2-h hybridization experiments. The data (Table 3) reveal that only a small percentage of target DNA molecules were actually hybridized with the static method, with a large portion of them remaining in the solution. Dynamic mixing can increase the percentage of molar- [a] The negative-control solutions included a blank spotting buffer and a solution containing oligonucleotides for the A. thaliana RCA gene (not spiked in the sample). CAB = chlorophyll a/b-binding protein, MCK = muscle creatine kinase. [a] The yield of the labeling reaction was about 54 % according to absorption measurements.
[b] The full length of the CAB spikes (500 base pairs) was used in the above estimation. This represents a conservative lower limit as the hexamer-priming reaction may yield a distribution of cDNA lengths.
hybridization events several-fold. A new challenge may be to make better use of the unhybridized target DNA molecules in the solution.
We have demonstrated that microfluidic chaotic mixing enhances hybridization signals 3-8-fold through the introduction of lateral mixing, the facilitation of the delivery of target DNA molecules, and the increase in the number of molarhybridization events. Our approach has improved the sensitivity of DNA-microarray experiments by nearly one order of magnitude and allowed better signal specificity than the static method. The time taken for the hybridization step of the conventional method has been shortened to 2 h with the new approach. Our PDMS device is disposable and compatible with high-density microarray slides. The device with larger chambers has the potential to hybridize about 135 000 array features in a single experiment, if new-generation arrayprinting tips [20] are used to spot ultrahigh-density microarrays (25 000 spots cm À2 ). 73. Negativecontrol features (Operon) are sequences that were determined to be absent from the mouse genome. Positive features were identified from previous independent experiments (data not shown) as having signal intensities greater than three standard deviations above the median negative-control intensity in 72-h diffusion-hybridization experiments with labeled 36-h C2C12 cDNA. The true-positive and true-negative fractions are defined as the fraction of all positive-probe and negativecontrol features encountered at any given rank on the intensity scale, respectively.
